INTRODUCTION {#SEC1}
============

Prion diseases such as Creutzfeldt--Jakob disease (CJD) and scrapie are characterized by the deposition of aggregates of the misfolded form (PrP^Sc^) of the cellular prion protein (PrP^C^) in the central nervous system ([@B1]). Once formed, the misfolded PrP^Sc^ conformation can be transmitted to native PrP^C^ molecules via a poorly understood process. The resulting chain reaction leads to accumulation of largely protease resistant aggregates, which can be infectious to other mammals via oral transmission ([@B2]).

How the initial misfolding event takes place is still a mystery. It is assumed that next to PrP itself other factors are required to induce the fatal conformational change. Among the factors investigated are polysulphates, polyanions, lipids and nucleic acids ([@B3],[@B4]). Currently, ribonucleic acid (RNA) is a major suspect as a co-factor ([@B5]). In protein cyclic misfolding assays (PCMAs) using recombinant PrP, RNA isolated from hamster or mouse brain cells was found to strongly enhance conversion to PrP^Sc^ in contrast to RNAs isolated from invertebrate species ([@B6]). Using bacterially expressed PrP, it has been shown in PCMAs that PrP conversion can be triggered by a combination of the synthetic phospholipid POPG (1-palmitoyl-2-oleoylphosphatidylglycerol) and RNA from brain cells ([@B4]) or synthetic polyA RNA ([@B7]). Synthetic polyG RNA was also reported to stimulate conversion but like polyA RNA it is less efficient than brain RNA ([@B8]). Deleault *et al.* ([@B9]) proposed that phosphatidylethanolamine is sufficient for conversion, however, this could not be confirmed by others ([@B8]). Up till now the identity of the natural RNA has not been elucidated and even about its size there exists no consensus; according to Kellings *et al.* ([@B10]) it is smaller than 250 nucleotides (nts), whereas Deleault *et al.* ([@B4]) suggest a size of more than 300 nts.

Since 1997 several RNA aptamers have been selected that bind with high affinity to PrP^c^ ([@B11]). Many of these aptamers can form a G-quadruplex \[G4 ([@B12],[@B13])\] and although capable of preventing the conversion to PrP^Sc^, binding of PrP^C^ to G4 RNA may actually lower the free energy barrier between PrP^C^ and PrP^Sc^ and thereby trigger conversion ([@B14]). This finding raises the possibility that the enigmatic RNA co-factor also contains G4 motifs. Another possibility that has not been investigated is the role of PrP messenger RNA (mRNA) itself in this process.

MATERIALS AND METHODS {#SEC2}
=====================

Circular dichroism, nuclear magnetic resonance and ultraviolet melting studies {#SEC2-1}
------------------------------------------------------------------------------

Circular dichroism (CD) spectra were recorded on a Jasco J-810 spectropolarimeter, equipped with a Peltier temperature controller, using 10-mm path length quartz cuvettes and a scanning speed of 50 nm/min. Concentration of RNAs was 1--2 μM. The average of eight CD scans was calculated and the spectrum of buffer alone was substracted. The ellipticity at 320 nm was set at zero. Molar ellipticity was calculated from *θ*~obs~ using the formula: \[*θ*\] = 100 × *θ*~obs~/(*C* × *l*), where *C* is the concentration in mol/l and *l* is the cell path length in cm.

^1^H nuclear magnetic resonance (NMR) experiments were recorded on a Bruker 600-MHz spectrometer equipped with a cryoprobe using Watergate suppression. Samples were dissolved in 10-mM Na~2~HPO~4~/NaH~2~PO~4~ buffer (pH 6.7) containing 10% D~2~O.

Thermal difference spectra ([@B15]) were recorded in the 220--350-nm range, with a scan speed of 50 nm/min and a data interval of 0.1 nm. Spectra recorded at 20°C were substracted from those recorded at 90°C and normalized to the highest absorbance. Absorbance values at 260 nm were ∼0.6 OD.

Ultraviolet (UV) melting experiments were performed on a Varian Cary300 spectrophotometer in 10-mm quartz cuvettes. Absorption data were collected at 1°C intervals between 20°C and 90°C during repeated heating and cooling cycles at a rate of 0.5°C/min. Samples were kept at 90°C for 2 min. Melting temperatures (*T*m) were calculated from two heating and cooling runs according to van der Werf *et al.* ([@B16]).

Preparation of RNA {#SEC2-2}
------------------

High-performance liquid chromatography-purified RNA oligonucleotides were purchased from Sigma-Aldrich (0.2-mmole scale). The various prion mRNAs were synthesized on polymerase chain reaction (PCR) generated deoxyribonucleic acid (DNA) templates using the T7 RiboMax Large Scale RNA production system (Promega). A DNA template encoding the full-length prion open reading frame \[ORF (Prp1-253)\] was generated by PCR using primers PRI1 and PRI2 and prion cDNA \[[@B17]; a gift from A. Bossers, Wageningen University, The Netherlands). PRI1: **5′GTAATACGACTCACTATA**GGATTCCATATT[ATG]{.ul}GCGAACCTTGGCTGCTGG, (T7 promoter sequence in bold, start codon underlined). PRI2: 5′T~40~CCTCTAGAC[TCA]{.ul}TCCCACTATCAGGAAG (stop codon underlined). A truncated mRNA (Prp89-253) was synthesized using primers PRI7 (**GTAATACGACTCACTATA**GGATTCCTTATA[ATG]{.ul}GGTCAAGGAGGTGGCACCCACAGTCAGT) and PRI2. RLuc, RLuc2, Pri-RLuc and Mut-RLuc plasmid DNAs were constructed by inserting pairs of complementary DNA oligonucleotides, containing also a T7 promoter sequence, directly upstream of the Renilla luciferase start codon of plasmid pMRL ([@B18]). After linearization with XhoI, transcription was carried out as described above. 5′ untranslated region (UTR) sequence of RLuc: GGCUAGUUAACUAUAUAACAUCGCGGUACAAACGGCACCAUG; 5′UTR sequence of RLuc2: GGCUAGUUAAGAUAUAACAUUGUGGUGUGGAAUCCAAACCAUG; 5′UTR of Pri-RLuc: GGCUAGUUAACUAUAUAACAUCAGGGCGGUGGUGGCUGGGGGCAGCCUC[U]{.ul}UGGUGGUGGCUGGGGGCAGCCUAAUCCAAACCAUG, an upstream AUG codon was removed by substituting A by U (underlined). 5′UTR sequence of Mut-RLuc: GGCUAGUUAACUAUAUAACAUCAGGGC[A]{.ul}GUGGU[A]{.ul}GCUG[A]{.ul}GGGCAGCCUCUUGGU[A]{.ul}GUGGCUG[A]{.ul}GGGCAGCCUAAUCCAAACCAUG, A to G mutations are underlined.

*In vitro* translation {#SEC2-3}
----------------------

Translation mixtures (5 μl) contained 2.5 nM of mRNA, 2.5 μl of nuclease-treated rabbit reticulocyte lysate (RRL; Promega), 0.5 μl of 1-mM amino acids mix without methionine, 0.125 μl of ^35^S-methionine \[\>1000 Ci (37.0TBq)/mmol, EasyTag, Perkin Elmer\], and indicated amounts of PhenDC3 or KCl, and were incubated at 30°C for 1 h. Reactions were processed as described previously ([@B19]). Firefly luciferase (FLuc) control mRNA (Promega) was used as a control in some assays. For non-radioactive assays amino acid mixes without leucine and cysteine were added. After incubation, the reaction was stopped by addition of 45 μl of Passive Lysis Buffer (Promega). Twenty-five microliter was transferred to a 96-well microplate and luciferase activity was measured after addition of 2.5 μl of diluted substrate (Stop&Glo reagent, Promega) in a GloMax multi luminometer.

RESULTS {#SEC3}
=======

The mature PrP consists of 208 amino acids (aa) that make up a loosely structured N-terminal domain (aa 23-123) containing two RNA-binding motifs, and a C-terminal domain (aa 124-230) that is involved in prion formation (Figure [1A](#F1){ref-type="fig"}). Although the N-terminal domain is dispensable for prion propagation, it has been suggested to affect folding and stability of the C-terminal domain. The RNA-binding motifs are flanking the so-called octarepeat (OR) domain, which in most humans is composed of five repeats of the octapeptide sequence P(H/Q)GGGWGQ (Figure [1A](#F1){ref-type="fig"}). Interestingly, the underlying mRNA sequence harbors five putative G4 motifs (Figure [1B](#F1){ref-type="fig"}). The highly conserved nature of the GGGWG amino acid motif and thus also the GGNGGNGGNUGGGGN RNA sequence in all eutherian mammals ([@B20]) indicates the possibility of G4 formation in all these species. The G4 motifs are present within a region for which previously several RNA structures have been proposed ([@B21]). None of these structures are currently supported by experimental data or phylogenetic comparisons. As this region is translated by ribosomes, which melt RNA structures, the structure will not be static and will likely assume different conformations, potentially including G4s. To investigate this possibility, four RNA constructs corresponding to different sections of one OR were designed (Figure [1C](#F1){ref-type="fig"}).

![Putative G-quadruplex structures in human PrP mRNA. (**A**) Schematic representation of the mature PrP 23-230. Black boxes represent RNA-binding motifs. The peptide sequence of the five ORs is shown with the nucleotide sequence of the first three repeats depicted below. Guanines capable of forming G-quadruplexes are shown underlined/in red. (**B**) Cartoon showing the formation of G-quadruplexes structures in the presence of potassium ions. Hydrogen bonds between guanines are shown as dashed red lines. Connecting loops within G-quadruplexes are indicated by solid blue lines. (**C**) RNA constructs corresponding to different regions of the first OR which were used in this study.](gku559fig1){#F1}

Biophysical analysis of synthetic PrP RNA oligonucleotides {#SEC3-1}
----------------------------------------------------------

CD was used to investigate the secondary structures of the four RNAs. In the presence of MgCl~2~, Pri-One, Pri-Two and Pri-Hp RNAs displayed the typical CD pattern of an A-form RNA helix, with a maximum at 265 nm and minimum at 210 nm (Figure [2A--C](#F2){ref-type="fig"}, red curves). The spectrum of Pri-Qd RNA was in accordance with the formation of a parallel G4 with a minimum at 240 nm either in the presence of MgCl~2~ or KCl (Figure [2D](#F2){ref-type="fig"}). KCl had no effect on the structure of Pri-Hp (Figure [2C](#F2){ref-type="fig"}, blue dashed line), which remained in the hairpin conformation, but KCl did induce structural changes in Pri-One and Pri-Two RNAs (Figure [2A](#F2){ref-type="fig"} and [B](#F2){ref-type="fig"}, blue lines) indicating the formation of a G4 in these RNAs similar to Pri-Qd (Figure [2D](#F2){ref-type="fig"}).

![CD spectra of the four synthetic RNAs. RNAs were dissolved in 10-mM sodium phosphate buffer (pH 6.8) containing MgCl~2~ or KCl, and their spectra recorded at 20°C. (A) Pri-One RNA. (B) Pri-Two RNA. (C) Pri-Hp RNA. (D) Pri-Qd RNA..](gku559fig2){#F2}

Pri-Two and Pri-Hp RNAs were obtained in sufficient quantities to perform NMR as well. In 10-mM sodium phosphate buffer (pH 7.0), the spectrum of Pri-Hp was in agreement with a stem--loop structure with typical resonances at 13.5 ppm and one near 12.2 ppm corresponding to regular Watson--Crick (WC) base pairs (Figure [3C](#F3){ref-type="fig"}). The spectrum of Pri-Two in the presence of 0.1-mM MgCl~2~ showed in addition to WC peaks at 13.5 ppm also a number of other peaks and in particular a broad resonance in the region of non-WC base pairs around 11 ppm (Figure [3A](#F3){ref-type="fig"}). In the presence of 100-mM KCl, most resonances that corresponded to WC base pairs disappeared and peaks in the 11-ppm region were strongly enhanced (Figure [3B](#F3){ref-type="fig"}). This behavior is typical of G4 formation involving multiple non-WC base pairs ([@B25]). The spectrum of Pri-Hp RNA was hardly affected by the addition of KCl (Figure [3D](#F3){ref-type="fig"}).

![1D proton NMR spectroscopy analysis of two synthetic RNAs. Spectra were recorded at 5°C. (A) Pri-Two RNA (60 μM) in the presence of 0.1 mM MgCl2. (B). Pri-Two RNA (60 μM) in the presence of 100 mM KCl. (C) Pri-Hp RNA (250 μM). (D) Pri-Hp RNA (250 μM) in the presence of 100 mM KCl.](gku559fig3){#F3}

Next, UV absorbance profiles were measured as this also allows one to differentiate between quadruplex and hairpin forming nucleic acids. First, a thermal difference spectrum (TDS) was recorded in the range 220--320 nm for Pri-One in sodium phosphate buffer without or with KCl. Figure [4A](#F4){ref-type="fig"} shows the normalized absorbance spectra of Pri-One in the absence (red curve) or presence of 50-mM KCl (blue dashed curve). The shape of the red curve is typical for a DNA or RNA duplex involving WC base pairs while the blue curve with a negative absorbance peak at 300 nm is typical for Hoogsteen base pairs such as present in G4 structures ([@B15]). Thus, the TDS signature of Pri-One is also in agreement with a hairpin to G4 transition by potassium ions.

![Thermal difference spectra and absorption profiles of Pri-One RNA in the absence and presence of KCl. (**A**) Normalized thermal difference spectra of Pri-One RNA in 10-mM sodium phosphate buffer (pH 6.7) with (blue dashed curve) or without (red curve) 50-mM KCl. (**B**) Normalized UV absorption profiles at 295 nm of Pri-One RNA in 10-mM sodium phosphate buffer (pH 6.7) with (blue dashed curves) or without (red curves) 50-mM KCl.](gku559fig4){#F4}

To obtain information on the stability of the G4 and hairpin conformation, UV melting profiles were recorded at 295 nm. At this wavelength, the TDS signature of the G4 conformation of Pri-One is negative while that of the hairpin conformation is still measurably positive (Figure [4A](#F4){ref-type="fig"}) meaning that upon melting the absorbance will either decrease or increase depending on the conformation of Pri-One. Figure [4B](#F4){ref-type="fig"} shows that the absorbance of Pri-One in 50-mM KCl decreased upon heating and increased again along the same curve upon cooling down (Figure [4B](#F4){ref-type="fig"}, blue dashed lines). This corresponds to the melting (and refolding) of a G4 ([@B26]) with a *T*m of 62.8 ± 0.77°C. The opposite melting profile was observed in the absence of KCl (Figure [4B](#F4){ref-type="fig"}, red lines) which indicates that under these conditions Pri-One folded and unfolded as a regular RNA hairpin with a *T*m of 71.5 ± 0.61°C. The absorbance profile at 295 nm of the reference RNA hairpin Pri-Hp (in the presence of KCl) was similar to that of Pri-One (in the absence of KCl) and was in agreement with conventional melting of an RNA hairpin (Supplementary Figure S1). The UV melting curve at 295 nm of the reference RNA Pri-Qd showed the typical absorbance profile of a G4 (Supplementary Figure S2). In conclusion, the UV melting studies are also indicative of a potassium-induced conformational switch from hairpin to G4 in Pri-One RNA.

*In vitro* translation of PrP mRNA {#SEC3-2}
----------------------------------

To investigate whether G4s can form in full-length PrP mRNA, a different approach was followed. First PrP mRNA was synthesized by T7 RNA polymerase-directed transcription of a PCR-generated template corresponding to the PrP ORF. This mRNA was used in cell-free translation assays in the presence of ^35^S-labelled methionine. In RRL, the T7-transcript directed the production of the full-length PrP protein of 27 kD (Figure [5A](#F5){ref-type="fig"}, lane 1). In addition, a number of higher molecular weight (HMW) products were observed, which probably resulted from glycosylation activity in RRL. HMW products were absent when translation was carried out with a bacterial lysate, which is lacking glycosylation activity (data not shown). When PrP mRNA translation was performed in the presence of potassium chloride, the yield of PrP dropped more than 4-fold at 100-mM KCl (50 mM from RRL plus 50 mM added KCl; Figure [5A](#F5){ref-type="fig"}, lane 3) while the yield of a firefly control mRNA remained essentially constant at 75- and 100-mM KCl (lanes 5 and 6). These data fit with a potassium-mediated stabilization of G4 structures in PrP mRNA. To provide additional support for this, translation was performed in the presence of a G4-stabilizing ligand; the bis-quinolinium compound PhenDC3 ([@B27]). Addition of PhenDC3 at 1 μM reduced PrP translation about 2-fold (Figure [5B](#F5){ref-type="fig"}, lanes 3 and 4). In contrast, PhenDC3 had no inhibiting effect on the translation of PrP89-253 mRNA, which lacks the five ORs capable of forming the G4 structures (Figure [5B](#F5){ref-type="fig"}, lanes 5 and 6) or on translation of FLuc mRNA (Figure [5B](#F5){ref-type="fig"}, lanes 1 and 2). This result strongly suggests that G4s can form in full-length PrP mRNA and that they can actually interfere with translation elongation. Although PrP89-253 mRNA contains two putative G4 forming sequences (266-GGGG[UCAA]{.ul}GGAGGUGG-282 and 355-GGGG[CAGU]{.ul}GGUGGGGGG-371), these are apparently not sufficiently stable on their own or not stabilized by PhenDC3 to impede ribosome movement. G4 stability is very sensitive to the length of the connecting loops ([@B28]) and in these two sequences at least one of the loops consists of four bases (see underlined sequence above).

![Effect of potassium and G4 ligand on translation of PrP mRNA *in vitro* (**A**)--(**C**). SDS-PAGE of ^35^S-methionine-labeled products from *in vitro* translation reactions using RRL. (A) PrP mRNA and FLuc mRNA were preincubated with or without KCl. As undiluted RRL contains ∼100-mM KCl, the final concentrations are 50, 75 and 100 mM. The relative yields of the bands corresponding to full-length PrP protein or FLuc protein are indicated. Standard deviation at 100-mM KCl was determined from four (PrP) and two (Fluc) experiments. (B) FLuc, PrP and PrP89-253 mRNA were preincubated for 1 h with or without PhenDC3 (final concentration 1 μM). Positions of the expected products are indicated at the right. Standard deviations were determined from two (FLuc and PrP89-253) and four (PrP) experiments. (C) Preincubation as under (B). Standard deviations were determined from five (Pri-RLuc) and four (RLuc and Mut-RLuc) experiments. (**D**) Final concentrations of KCl and PhenDC3 were 100 mM and 1 μM, respectively. The Y-axis shows the relative light units normalized to the reference samples without KCl or PhenDC3. Error bars represent the standard deviations of nine (Pri-RLuc), six (Mut-Rluc) and five (RLuc2) experiments.](gku559fig5){#F5}

*In vitro* translation of OR luciferase hybrid mRNAs {#SEC3-3}
----------------------------------------------------

To demonstrate that the OR regions were indeed responsible for the inhibitory effect of PhenDC3 on translation, two copies of the OR repeat were cloned into the 5′UTR of a Renilla luciferase reporter mRNA. Addition of PhenDC3 reduced the yield of Renilla luciferase in Pri-RLuc to 28% while there was a slight enhancing effect on the translation of the RLuc control mRNA (Figure [5C](#F5){ref-type="fig"}), indicating that the formation of G4s in the 5′UTR was interfering with ribosomal scanning. In Mut-RLuc, the putative G4s were destabilized by substitution of several G\'s by A\'s (see the Materials and Methods section). As a consequence, the overall translation was enhanced and also the inhibiting effect of PhenDC3 was strongly reduced (Figure [5C](#F5){ref-type="fig"}, lanes 3 and 4). In an independent assay, the luciferase activity of Pri-RLuc and Mut-RLuc was measured. Pre-incubation of Pri-RLuc mRNA with either KCl or PhenDC3 resulted in an almost 3-fold decrease in luciferase activity while in the presence of both KCl and PhenDC3 luciferase level dropped more than 13-fold (Figure [5D](#F5){ref-type="fig"}, blue bars). Under the latter conditions, the translation of Mut-RLuc mRNA was inhibited only 2-fold (Figure [5D](#F5){ref-type="fig"}, red bars). The luciferase activity of a control RLuc mRNA (RLuc2) was only marginally affected by KCl and/or PhenDC3 (Figure [5D](#F5){ref-type="fig"}, green bars). This suggests that the remaining G-residues in Mut-RLuc are capable of adopting a weak G4 structure in the presence of KCl and PhenDC3. Although not visible in Figure [5D](#F5){ref-type="fig"}, the level of luciferase activity of Mut-RLuc in the absence of KCl or PhenDC3 was at least 3-fold higher than that of Pri-RLuc, indicating that sequences derived from the OR region can already form G4 structures under standard in *vitro* conditions.

DISCUSSION {#SEC4}
==========

The above data demonstrate that sequences within PrP mRNA have the propensity to switch between hairpin structures and G-quadruplexes depending on environmental conditions. Fluctuations in potassium levels are common for cells including those in the central nervous system in which PrP is highly expressed ([@B29]). Combined with the observations that G4s are strong binders of PrP itself a view is emerging in which binding of PrP to its own mRNA maybe involved in the regulation of the co-translational folding of PrP. Disturbances in the RNA binding of PrP could trigger the conversion of PrP^C^ to PrP^Sc^. Although PrP^C^ is normally exported into the Endoplasmic Reticulum, there are several reports describing accumulation of PrP in cytosolic ([@B30],[@B31]) and even nuclear fractions ([@B32]). These endocytosed or mis-translocated PrPs can potentially bind to PrP mRNA G4s and interfere with translation elongation and/or the protein folding activity of the ribosome \[PFAR ([@B33])\] thereby somehow triggering the formation of the first misfolded PrP^Sc^.

Recently, it was shown that G4 motifs can halt translation elongation ([@B34]) and even lead to ribosomal frameshifting ([@B19],[@B35]). Moreover, the presence of G4 motifs in the human estrogen receptor alpha (hERalpha) mRNA has been demonstrated to affect the correct folding of hERalpha and its proteolysiss ([@B36]). Certain anti-prion drugs have been described that inhibit PFAR and diminish prion misfolding ([@B33]). Thus, events occurring during mRNA translation, possibly mediated by G4 motifs, may play a key role in prion folding and misfolding.

Many small molecules that are able to inhibit PrP^Sc^ accumulation like bis-acridines ([@B37]), porphyrins, phthalocyanines ([@B38],[@B39]) and fumaridines ([@B40]) are also known to bind and stabilize DNA and RNA G4s. Possibly these drugs exert their anti-aggregation effect by binding to PrP mRNA rather than to the prion protein itself, and it is this RNA--drug complex that prevents the initial conversion of PrP^C^ to PrP^Sc^. In this respect, it is worth noting that many anti-prion drugs are only active in cells and do not bind the purified PrP^C^ *ex vivo* ([@B41]). It has been suggested that these drugs require an auxiliary factor that is present only in cells. Quite likely this factor is PrP mRNA. This would also explain why RNA from brain cells, which have high levels of PrP, is more efficient in the conversion of PrP^C^ to PrP^Sc^ than RNA from other sources. To investigate the role of PrP mRNA in PrP^Sc^ formation it may be included during PCMAs. In such assays also the effect of potassium and G4-ligands could be tested. Another way to address the role of G4s is to introduce mutants of this motif into a transgenic mouse ([@B42]) and determine if mutations alter susceptibility to (interspecies) prion transmission. However, it is difficult to destroy the G4 motifs without interfering with the amino acid sequence of PrP.

In conclusion, the presence of G4 forming motifs in PrP mRNA may provide the missing link in the initial conversion of PrP^C^ to PrP^Sc^. Understanding how mRNA structures are involved in the (mis-)folding of PrP^C^ and possibly many other RNA-binding proteins with prion-like properties is of prime importance for the development of better treatments of CJD and related diseases.

SUPPLEMENTARY DATA {#SEC5}
==================

[Supplementary Data](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gku559/-/DC1) are available at NAR Online.
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